ABSTRACT This paper presents an approach of the force/position hybrid control for a hexa parallel robot to guarantee a safe and accurate interaction when touching the object surface. A double-loop PID controller is proposed to replace the common PID controller in the position control to eliminate position errors due to the dynamics coupling effect between the arms and the vibration of the mechanical system. An impedance control model is used to guarantee a safe and accurate interaction when touching the object surface. In addition, a gradient descent iterative learning control algorithm is used and modified to determine the optimal impedance parameters in unknown environments. A model of the robot is built in SimMechanics to simulate and estimate system parameters. After that, the experimental work was conducted on a real robot to verify the effectiveness and feasibility of the proposed method.
I. INTRODUCTION
The parallel manipulators [1] have become popular since Stewart [2] proposed a new design for a flight simulation. Over the years, several structures have been studied and presented. Pierrot et al. [3] and Uchiyama [4] focused on a six-degree-of-freedom parallel structure, which is known by the name of the Hexa robot. Its design is a solution for pickand-place operations in industry because of its high stiffness, high speed and acceleration, high accuracy and high carrying capability. However, it is complicated to calculate kinematics and dynamics [5] , [6] . While the solution for the inverse kinematics problem can be found, the forward kinematics problem is almost impossible to solve analytically [7] . The reachable workspace of the Hexa robot also needs to be calculated based on the rotation limitations of the joints to avoid collisions of links [6] or detect singular positions, which may cause damage of the robot [8] .
Many concepts, methods and algorithms have been proposed to control industrial robots and make them suitable for various types of work. The position control is offered in most commercial manipulators. The force control is
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used in situations where environmental interaction needs to be controlled. Impedance control is a type of indirect force control method and most frequently implemented in interaction control because of its robustness and feasibility [12] - [16] . However, impedance control affects position control and causes position errors. Rather than performing a decoupled control of both position and force variables, the hybrid approach describes a combination of position data and force/torque information to obtain desired control trajectory. The implementation of hybrid position/force control in robot arms [17] was studied to filling the gap between theory and industrial applications. Raibert and Craig [18] used analysis, simulation, and experiments to evaluate the ability of hybrid position/force control in executing trajectory of manipulators. A hybrid control strategy for dual-arm object manipulation using fused force/position errors and iterative learning [19] was proposed to grasp and move various objects. Shi et al. [30] used a hybrid controller to achieve the desired end-effector motion and contact forces required for driving a screw into a floating target. A force/position control structure of a five degree of freedom redundant actuation parallel robot using an improved fuzzy model predictive control algorithm is proposed by Wen et al. [31] . The authors [32] introduce position/torque hybrid control for a newly designed rigid and high-gear ratio quadruped robot. Another application of hybrid force/position control is on parallel machine for mechanical test [33] . However, there are not many studies about the application of hybrid control for Hexa robots. The complex structure of parallel robot causes a bit difficulty that the extra errors behind the position control loop due to the dynamics coupling effect between the arms of Hexa robot need to be handled. In this paper, a hybrid control architecture is proposed for the Hexa robot. The combination of position control and force control ensures a safe and accurate interaction of the robot when touching the object surface. To eliminate the extra errors due to the dynamics coupling effect between the arms of Hexa robot, a double-loop PID controller for the position control is developed in place of common PID controller. This improvement brings high efficiency in experiment, especially for robots with imperfect mechanical structures.
In impedance control method, the interaction force is changed from environment to environment and even within a same environment over time. This causes difficulty in finding desired parameters of the impedance controller. Therefore, some studies developed learning schemes, in which impedance parameters are regulated through a repetitive learning process. The natural actor-critic algorithm is used for impedance learning in robotic contact tasks [21] , but just simulating in 2-D space. The authors derived a PI 2 algorithm for learning variable impedance control [22] . This algorithm requires calculations related to the velocity and torque of joints, which are very complex in a parallel manipulator such as Hexa robot. A new fuzzy-based impedance control strategy is developed by Tran et al. [23] , but it needs a big data preprocessing for learning. The proposed method of Li and Ge [24] is a complex approach of impedance learning control. The authors tried to develop a learning law based on the sensory feedback of position and velocity errors instead of modeling the environment. The proposed iterative learning control of impedance control in this paper is developed from a gradient descent algorithm. The learning law is based on both position and force errors, therefore, it is compatible with the hybrid control methods used for the Hexa robot. The combination of position and force errors tracking in the learning law ensures that the position and interaction force will be adjusted gradually during the learning process. Due to the characteristic of the gradient descent algorithm, the cost function will decrease during the iterations, making the impedance parameters converge to the desired optimal value.
Based on the above discussion, this study proposes an implementation of controlling the Hexa robot with the primary contributions as follows:
• A force/position hybrid controller is developed for controlling the trajectory of the Hexa parallel robot, guaranteeing a safe and accurate interaction when the robot touches the object surface. The control approach is simulated in MATLAB SimMechanics and evaluated experimentally using a real Hexa robot system.
• An iterative learning control law is derived from the gradient descent algorithm to find optimal parameters of impedance control in unknown environments.
• A double-loop PID controller for position control is developed to replace a common PID controller to eliminate the position error due to the dynamics coupling effect between the arms and the vibration of mechanical system. The following content of this paper includes: Section II describes the kinematics problems of the robot. Section III describes the hybrid controller and the iterative learning control algorithm. Section IV and V describe the setup of simulation and experiment, Section VI reports on the results, and Section VII presents conclusions. Fig. 1 presents the model of the Hexa parallel robot. The design of Hexa parallel robot [3] has six equal kinematic chains, which connect the base platform to the active plate. Each chain is described as a serial RUS chain, where R stands for revolute joint driven by a motor, U is for universal or cardan joint and S is for spherical joint in the active plate. There are two coordinate systems on the Hexa robot. The fixed frame {O} is positioned in the center of the base platform with Z axis perpendicular to the base upwards. The X axis direction is pointed to the center point of C 1 C 2 edge. The Y axis determined by the right-hand rule. The active frame {P} is positioned in the center of the active plate with Z axis perpendicular to the base upwards. The X axis direction is pointed to the center point of A 1 A 2 edge. The Y axis determined by the right-hand rule. For each kinematic chaini,for i = 1. . . 6, there are:
II. KINEMATICS OF A HEXA ROBOT
• The point A i represents the center of the spherical joint that connect the rod to the active plate.
• The point B i represents the centers of the universal joints that connect the rods to the arms.
• The point C i represents the rotation center of revolute joint of the arm.
• The angle θ i is the rotation angle of revolute joint of arm.
• The lengths of arm and rod are l i and h i , respectively. The forward and inverse kinematics equations must be determined with the aim of allowing the active plate position and rotation angles of arms can be freely converted. Inverse kinematics uses the position and orientation vector of the active plate to derive the rotation angle of each arm. Forward kinematics determines the position and orientation of the active plate based on the rotation angles of arms.
A. INVERSE KINEMATICS
In inverse kinematics, the coordinate of the center point P (x p, y p , z p ) and the Euler angles (α, β, γ ) of the active plate with respect to the fixed frame {O} are given. The coordinate on the active frame {P} can be transformed to the coordinate on the fixed frame {O} by using the rotation matrix R:
where
The coordinate of point A i with respect to the frame {O} can be calculated as follow:
where A O i is the coordinate of the spherical joint i with respect to the frame {O}; P O is the coordinate of the center point of the active plate with respect to the frame {O}; A P i is the coordinate of the spherical joint i with respect to the frame {P}.
The point C i is fixed on the base platform. The relationship between B i and C i is as follow:
The relationship between A i and B i can be expressed as:
Substituting equations (1) to (4) into equation (5), a new equation can be derived in the format:
So that, the rotation angle θ i of the arm can be calculated as follows:
with
FIGURE 2. The spherical joint angle limit.
1) WORKSPACE
The workspace is the reachable positions of the active plate. Depending on the requirements, there are some types of workspace. In this study, three conditions are considered [6] :
Based on trigonometry, equation (6) must satisfy the condition:
The angle limit between the rod and the arm connected to the spherical joint in the active plate is shown in Fig. 2 . The spherical joint angles are calculated as:
thus:
where ϕ i is the angle between rod and arm. The dashed arrow pointing to the outside of the active plate indicates a normal vector, thereby calculating the maximum allowed angle of the spherical joints. defines the boundary (cone format) in which the rods can be positioned with respect to the active plate. Axis 1 means that the rod is in the allowed angle, so it is still in the working space, but Axis 2 means that the rod is not in the allowed range, so it violates the physical principle and is therefore not working.
c: AVOIDING COLLISION
After applying the conditions (a) and (b), almost all types of collision are eliminated. However, the collision between rods may occur. When analyzed using numerical method, the rods like line segments. The minimum distance between them must be calculated and compared to a minimum safe distance value. If two rods are parallel, the distance is calculated like a distance between a point and a line. If they are not, the distance is calculated as two lines, such as shown in Fig. 3 and equation (14) .
2) SINGULARITY When the parallel mechanical arm is at a singular point, the force on the joint will increase sharply, resulting in insufficient torque of the motor and deformation of the joint and the connecting rod. Therefore, it is necessary to perform singular point analysis and to avoid the singular points of the arms. This paper uses the power inspired measure method [8] to detect and safely control the Hexa robot out of the singularities.
B. FORWARD KINEMATICS
In the forward kinematics problem, the rotation angles of motors are given. The orientation and Euler angles of the active plate are needed to be determined to satisfy equation (7) . The Hexa robot is a system of coupled nonlinear equations. In general, finding a unique closed form analytic solution to such a system is very complicated. Therefore, in this study, the artificial neural network (ANN) approach [7] is proposed. Fig. 4 shows the procedure of ANN training. First, a data set of positions of the active plate is created randomly. This data set must be modified to reject the singular points and points outside the workspace as discussed in Section II.A. The modified data set is called the target data in ANN training.
From the target data, using equations (7) to (10) , the data set of angles θ i of six arms is created. This data set is called the input data in ANN training. The neural network training tool (nntool) in MATLAB is used for back propagation training. The training results in weight and bias factors which can be used to calculate FKP in the hybrid control process.
III. HYBRID CONTROL AND ITERATIVE LEARNING
Force/position hybrid control is the combination of position and force information into one control scheme to control the end effector in unknown environment. From the original control scheme of Craig and Raibert [20] and the correction of Fisher and Mujtaba [29] , this study develops an architecture of hybrid control using an impedance controller for force control and an improved PID controller for position control, which is shown in Fig. 5 . The x i , x c , x d , x e and x r are 6 × 1 vectors including both position and orientation information. the f a , f d and f e are 6 × 1 vectors including force and moment information. The θ r , θ i and θ c are 6 × 1 vectors representing the rotation angles of six arms as presented in Section II.A. The τ is 6 × 1 vector representing torques applied to the arms. The B d and K d are parameters of the impedance control, which participate indirectly in the control process.
The desired positions of arms are calculated as:
where T is transformation matrix of inversed kinematics problem. x r is reference position of the end effector, which is calculated by the position error x e of the end effector and the position compensator x i of the impedance control. The torques applied to the arms can be expressed as:
where is position compensator transfer function. θ r is reference position.
The current position of the end effector is calculated as:
where θ c is the current rotation angles of arms. J is the manipulator Jacobian matrix. However, in this study, J is replaced by calculation based on the weight matrices and bias vector, which are determined by the ANN training of forward kinematics problem presented in Section II.B.
The position error of the end effector is calculated as:
where x d is the desired position of the end effector.
The relationship between the current position of the end effector and the contact force can be expressed as:
where is a transfer function. In SimMechanics, it is the function inside force sensor block that simulates the contact force. In experiment, it is the function inside the real device defined by the manufacturer. In both cases, the output value of the force sensor is considered rather than the function .
The equations (15) and (16) show that the drive signals of the arms are based on both force and position information. Meanwhile, equations (17), (18) and (19) present instantaneous effect of controlling the arms on the satisfaction of both force and position constraints. This is the basic idea of the hybrid controller. The detail of each component in the hybrid controller will be presented in next subsections.
A. POSITION CONTROL
The position control block in Fig. 5 consists of DC motors and drivers. Based on Newton's 2nd law and Kirchhoff's voltage law, the mathematical relationship in the electric equivalent circuit of DC motor can be derived as:
where V is armature voltage, i is armature current, R is electric resistance, L is electric inductance, e is the back electromotive force, B is motor viscous friction constant, J is moment of inertia of the rotor, T is the torque generated by a DC motor, K t is motor torque constant, K b is electromotive force constant, ω is angular velocity, θ is the rotational angle of motor. Applying the Laplace transform into equations (20) and (21), the open-loop transfer function of motor can be expressed as:
Because the motor electric inductance L is generally extremely small compared to R, and therefore can be ignored, equation (22) can be rewritten as:
To use system identification, the transfer function in equation (23) is expressed in the following format:
where a, b, and c are model parameters, which will be determined by using the MATLAB System Identification Toolbox. The setup of system identification will be discussed in Section IV.A and the result will be shown in Section VI. A PID controller is used in the feedback control system as shown in Fig. 6 . The PID parameters K p , K i and K d are determined by using the Ziegler-Nichols tuning method in MATLAB Simulink. 
B. DOUBLE-LOOP PID CONTROL USING TIME DELAY
In the experimental work, after the common PID control was performed and the motor reached the desired position, the control loop is stopped. After that, because of disturbances, the position of the motor is slid a bit and this causes the position error. The angle is changed from θ i to θ c . The disturbances can be formed by the following factors:
• The dynamics have not been considered in the control system, so the inertial and gravitational effects must affect the positioning accuracy.
• The backlash of motor gearbox and the vibration of the mechanical structure also affect the accuracy.
• The dynamics coupling effect between the arms causes a change of position. To solve this problem, a double-loop control is proposed as shown in Fig. 7 . After performing the first feedback loop, the controller will wait for a certain time to make sure the position error occurs. Then it will call the second feedback loop to adjust the position. The double-loop position control applies well to robots with imperfect mechanical systems. Its effectiveness will be shown in Section VI. 
C. IMPEDANCE CONTROL
The model of impedance control can be given as:
where the desired inertia, damping, and stiffness parameter matrices are represented by M d , B d , and K d , respectively; x d is the desired trajectory of the plate; x c is the current trajectory of the plate in the position control loop; f e = f d −f a is the force error; f d is the desired interaction force of environment; f a is the current interaction force of environment in the position control loop.
To determine the dynamic behavior of the system, the damping ratio ζ is calculated as follow:
The damping ratio is very important for contact stability. For application in this paper, it is required a significantly overdamped impedance behavior to ensure a stable contact with a stiff environment. Therefore, the parameters M d , B d and K d are selected so that the damping ratio ζ > 1. In iterative learning control process, the parameter ζ is selected at a certain interval depending on the real system, while the parameters M d , B d and K d will be optimized with the condition of satisfying equation (26) .
The objective of hybrid control in this study is to guarantee a safe and accurate interaction between the robot and object surface that considered as the environment. Therefore, the value of f d is set as close to zero as possible. In the experiment, the interaction force of environment f a is measured by the force/torque sensor. In the simulation, a model of the environment in SimMechanics will produce the interaction force f a .
D. ITERATIVE LEARNING CONTROL
To determine the optimal parameters of the impedance control for unknown environments, this paper proposes a gradient descent iterative learning control (ILC) law, which can change the impedance parameters through repetitive interactions to improve the performance of the impedance control, so guarantee a safe and accurate interaction of the robot when touching the object surface.
In the learning process, the parameter M d is fixed by the apparent inertia of manipulator. The CAD of the robot can estimate approximately the inertia value. Our simulation and experiment process shows that the arbitrary change of M causes instability and the impedance parameters will be difficult to converge to the desired optimal value.
The parameters B d and K d are modified and updated through the iterative learning process. The gradient descent ILC algorithm [25] is used to develop the learning law. The general form of this algorithm is expressed as follow: (27) where k is the repetition number; u is the input applied to the learning process; β is the learning gain; G is transfer function of nominal model; e is the output error; The product of G T e determines the direction of the update vector. The objective of impedance control block is force tracking, so the output error is calculated as:
The parameters B d and K d are the inputs in equation (27) . The transfer functions G are calculated based on the gradient scheme to ensure gradual change of the interaction force by updating B d and K d as follow: (29) Substituting f e in equation (25) into equation (29) , the formulations of B d and K d can be obtained as follow:
Applying equations (27) , (28) and (30) into our system, the learning law is formed as follow:
Convergence is a concerned matter when applying ILC algorithms. [25] , [34] analyze the convergence of unknown nonlinear systems in detail. Applying to this paper, the convergence of equation (27) is guaranteed if:
Applying to equation (31), the convergence conditions are:
In general, the position error changes after each iteration and different from zero, so the conditions in equation (33) can be satisfied. In practical, the equation (33) will be checked in each iteration and the learning gains are adjusted if necessary to guarantee the convergence.
IV. THE SETUP OF SIMULATION
The simulation study includes two parts: the identification of system parameters for the position control and the proposed impedance iterative learning control.
A. THE IDENTIFICATION OF SYSTEM PARAMETERS FOR THE POSITION CONTROL
To implement the system identification for the motors as discussed in Section III.A, the input signals are generated by feeding the motor a sine sweep. The output signals are the rotating angles of motors that can be measured by the encoders and recorded in the SD card. The system identification is completed using the MATLAB System Identification Toolbox. Fig. 8 is the block diagram of the system identification.
The PID parameters K p , K i and K d are determined by using the Ziegler-Nichols tuning method in Simulink.
B. THE IMPEDANCE CONTROL AND ITERATIVE LEARNING CONTROL
The model of Hexa robot is built in SimMechanics (MATLAB) with the same size and parameters to the real robot. This model is used to simulate the process of the proposed impedance iterative learning control in Section III.D. Fig. 9 shows the block diagram of the model. Fig. 11 is the real Hexa parallel robot used in the experiment. Fig. 12 is the block diagram of the control system. The PC and control software are to control the robot via RS232. The software is written in Lazarus. Fig. 13 shows the interface of the software. The robot controller is an Arminno development board of Holtek that includes a Cortex M3 ARM embedded system. The board communicates with the software via RS232 and controls the motors of the robot. The motors are IG-42GM models, manufactured by Sha Yang Ye, Inc, Taiwan. The motor includes a gear box with the reduction ratio of 1/49. The rated voltage, current, torque, and speed of the motor are 12 V, 5500 mA, 18 kgcm, and 119 r/min, respectively. The motor is attached by an incremental encoder, which uses two Hall-effector sensors to measure the rotating angle of the motor. The accuracy of the encoder is 0.367 • . The motor controller includes MR2x30B motor driving boards. The force sensor is a HEX-E 6-Axis Force/Torque sensor of OnRobot.
V. THE SETUP OF EXPERIMENT

A. THE POSITION CONTROL
In this experiment, the robot is controlled to move the active plate a helix trajectory in the work space, which is shown in Fig. 14 . To evaluate the effectiveness of the double-loop PID control discussed in Section III.B, the position control is implemented in two cases. In the first case, a common PID controller is performed. In the second case, the doubleloop PID controller is used. The positions of motors are tracked continuously in both cases. Finally, the real tracked VOLUME 7, 2019 trajectories will be compared together to evaluate the performance of the position controller.
B. THE IMPEDANCE CONTROL AND ITERATIVE LEARNING
Similar to the simulation work, the impedance iterative learning process is performed to find the optimal value of impedance control parameters. The robot is controlled to move the plate to touch an obstacle. The interaction force and position error will be read to update the parameters in equation (31) . The learning process is performed in forty iterations. In the experimental work, the force is read from a real force sensor. M d is also fixed and equals to the apparent inertia. At the first iteration (k = 1), the damping and stiffness parameters are 
C. HYBRID CONTROL
To evaluate the effectiveness of the proposed hybrid control approach with the estimated system parameters and the impedance parameters obtained in the iterative learning process, the Hexa robot is controlled to move the plate along a sloping surface as shown in Fig. 15 . The exact position and slope of the surface is not known. The control program must hold plate always lightly touch the surface with a small interactive force. Force tracking data will be saved for analysis. Table 1 shows the estimated parameters of six motors of the Hexa robot by using the system identification and Table 2 shows the PID parameters by using the Ziegler-Nichols tuning method in Simulink as discussed in Section IV.A. These parameters will be used for other implementations of the robot. Fig. 16 to Fig. 21 show the comparisons of the position control for using the double-loop PID control with using a common PID control when the Hexa robot moves the helix trajectory that is setup in Section V.A. As discussed in Section III.B, disturbances occur behind the PID control loop and thus generate position errors. In the case of using the double-loop PID control, when the plate's position deflects from the desired path, the double-loop control adjusts to bring it back to the correct position. The adjustment process is carried out continuously to keep the path as expected. In fact, the position deviation takes place very fast with a very small range and is adjusted immediately so it is almost impossible to see. Table 3 shows the comparisons of resulted errors for the double-loop PID control with the normal PID control. In the case of using the double-loop PID control, mse, mae and nrmse errors are much lower than the case of using the common PID control. Fig. 22 to Fig. 24 show the results of the impedance iterative learning in both simulation and experiment. Note that this is the tracked data of moving in Z axis. The data tracking is similar for the remaining axes. The learning process is performed in forty iterations. Depending on the model of the robot, the number of iterations and the learning gains can be changed. Table 4 summarizes the parameters of the learning process.
VI. DISCUSSION OF SIMULATION AND EXPERIMENTAL RESULTS
In the simulation, the robot moves the trajectory in thirteen seconds. From 0 to 1.8 seconds, the force is zero and the parameters B d and K d are constant because the plate has not touched the obstacle. From 1.8 seconds, the interaction force increases as the plate touches the obstacle. The learning process tries to update the impedance parameters to reduce the interaction force. At the end of the trajectory, the values of B d and K d are recorded and used as the initial value for next iteration. As in Fig. 22 , in the first iteration, the interaction force is big, about 15 N. However, after forty iterations, the interaction force becomes smaller while the impedance parameters are changed. At the end of learning process, the parameters are B 40 d = 0.3826 and K 40 d = 0.0001, the interaction force is 1.4303 N. The interaction force is small and acceptable when it ensures the robot only touches the object lightly. and K d found in the simulation to set the initial value for the experiment.
The change of learning gains will also change the convergence speed. In practice, these learning gains are adjusted depending on the specific system to achieve optimal results.
Another note is that the learning gains may be adjusted in each iteration to guarantee the convergence as presented in section III.D. Fig. 25 shows the result of the hybrid control experiment as discussed in Section V.C. The maximum force and torque 
VII. CONCLUSIONS
In this study, a force/position hybrid control is proposed for controlling trajectory of the Hexa parallel robot and guaranteeing a safe and accurate interaction when the robot touches the object surface. The double-loop PID controller is developed to replace a common PID controller to eliminate the position error due to the dynamics coupling effect between the arms and the vibration of mechanical system. The iterative learning control law is derived from the gradient descent algorithm to find the optimal values of the impedance parameters in unknown environments. The proposed approach has been implemented in both simulation and experiment to verify its validity. The results show that this approach can control the robot as desired.
